The opdA gene of SalmoneUla typhimurium encodes an endoprotease, oligopeptidase A (OpdA). Strains carying opd4 mutations were deficient as hosts for phage P22. P22 and the closely related phages L and A3 formed tiny plaques on an opdA host. SalmoneUla phages 9NA, KB1, and ES18.hl were not affected by opdA mutations. Although opd4 strains displayed normal doubling times and were infected by P22 as efficiently as opdA+ strains, the burst size of infectious particles from an opd4 host was less than 1/10 of that from an opdA + host. This decrease resulted from a reduced efficiency of plating of particles from an opdAl infection. In the absence of a functional opdA4 gene, most ofthe P22 particles are defective. To identify the target of OpdA action, P22 mutants which formed plaques larger than wild-type plaques on an opdA mutant lawn were isolated.
Oligopeptidase A (OpdA) was identified by Vimr and Miller (42) as one of two enzymes in extracts of Salmonella typhimurium which hydrolyzed N-acetyl-L-Ala4. OpdA has been purified from both Escherichia coli (28) and S. typhimurium (9) . Novak et al. (28) and Novak and Dev (27) have shown that OpdA is a signal peptide peptidase. In vitro, OpdA is the major soluble enzyme able to hydrolyze the E. coli lipoprotein signal peptide. Substrate specificity studies indicate that OpdA is an endopeptidase with a preference for Ala and Gly residues (27, 28, 41) . Its inhibition by metal chelators (9, 28) suggests that it is a metallopeptidase.
The gene encoding OpdA, opdA, has been cloned and sequenced (9) . The predicted amino acid sequence of the 77-kDa OpdA protein contains a thermolysin-type metalloprotease Zn2+-binding site (9, 22) . The amino acid sequence shows strong similarity to another bacterial peptidase (dipeptidyl carboxypeptidase, encoded by dcp) and to a mammalian metalloprotease (rat metallopeptidase EP 24.15) that is involved in the processing of peptide hormones (9) . Evidence presented in the accompanying article shows that opdA4 is the Salmonella homolog of the E. coliprlC gene (10) .
Mutant alleles of prlC suppress the localization defect of certain signal peptide mutations (39) .
Mutations in opdA were originally isolated by screening for mutants unable to use AcAla4 as a sole nitrogen source.
During the characterization of these opdA4 mutations, it was noticed that phage P22 made much smaller plaques on an opdA host than on an opdA4 host (40) . This was somewhat surprising because P22, in contrast to many other related phages, is not known to require proteolytic processing steps in its development (2, 6) . In the hope of gaining insight into the role of opdA in cellular processes, we have begun a study of its function in the development of phage P22. This article describes experiments aimed at characterizing the P22 defect conferred by opdA4 mutant hosts and identifying the phage target of opdA action.
MATERIALS AND METHODS
Bacterial and phage strains. All S. typhimurium strains used were derived from LT2 and are listed in Table 1 . E. coli DH5 (16) was used to propagate plasmids for sequencing. Phage strains used and their sources are also listed in Table  1 . Plasmid vectors used included pBR322 (1), pBR328 (37) , pSE380 (3), and pT7-5, a derivative of pT7-1 (38) . The construction of other plasmids used is described in Table 1 . Bacteria were routinely grown in LB medium (32) at 37°C. LB medium with galactose (0.05%) was used to propagate phage P22 on galE strains. E medium (43) was used as the minimal medium and supplemented with appropriate amino acids at 0.4 mM and glucose at 4 g/liter. Antibiotics were used at the following concentrations: ampicillin, 100 ,ug/ml in liquid media and 50 ,g/ml in solid media; chloramphenicol, 25 ,ug/ml; tetracycline, 25 ,ug/ml; and kanamycin, 50 pg/ml.
Phage propagation and purification of phage particles.
Small-scale lysates of P22 phage were made essentially as described by Davis et al. (11) . Large-scale purification of phage was performed essentially as described by Sambrook et al. (32) . Host strains were grown in liquid culture to an optical density at 600 nm (OD6.) of 0.5, infected with phage at a multiplicity of infection of 1, and incubated for about 3 h before the addition of CHC13 (2%, vol/vol). DNase and (IPTG) to induce the expression of the mutant gene 7 from the trc promoter. After incubation for 1 h, 0.5 ml of this culture was combined with P22 c2H5 (200 PFU) and 2.5 ml of LB soft agar (0.75% agar) and plated on LB agar containing ampicillin and IPTG (1 mM). These plates were incubated overnight and then examined for large plaques. Transposon TnlOOO insertions which eliminated the ability of pCM172 to restore the normal plaque size were isolated by the method of Guyer (15) . TN3804 (recAlIF'42 finP301/pCM172) was mixed with TN3101, and transconjugants were selected on LB-ampicillin-kanamycin medium. Transconjugants were purified and tested for their ability to allow development of normal large plaques. Of the 32 transconjugants tested, 5 displayed only tiny plaques when infected with P22 c2H5. The locations of these five Tnl000 insertions were determined by restriction mapping and later confirmed by nucleotide sequencing.
Visualization of P22 proteins. Pulse-chase experiments were performed to visualize the proteins expressed from pSE380-based plasmids. An overnight culture of the plasmid-containing strain was diluted 1:50 into minimal glucose medium with leucine and ampicillin. The culture was incubated at 37°C until it reached an OD6. of 0.8, and then IPTG was added to 1 mM. After further incubation to allow induction of the trc promoter, a mixture of "4C-amino acids (55.5 mCi per milliatom of carbon) was added to a final concentration of 10 or 30 ,uCi/ml. After either 1 or 5 min, Casamino Acids were added to 1%. Samples (0.2 ml) were taken at times after the addition of Casamino Acids and put on ice. Cells were pelleted, resuspended in 20 or 50 ,ul of sodium dodecyl sulfate (SDS) sample buffer (62.5 mM TrisHCl [pH 6.8], 2% SDS, 10% glycerol, 5% 2-mercaptoethanol), and heated to 95°C for 3 to 5 min. If necessary, samples were briefly sonicated to reduce viscosity before being loaded onto SDS-polyacrylamide gels for electrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) was performed with 12% polyacrylamide slab gels and the Trisglycine buffer system of Laemmli (24) . After electrophoresis, the gels were stained with Coomassie blue, destained, and dried. Bands of radiolabelled protein were detected by exposure to Kodak X-Omat AR film.
Cloned gp7 was expressed from a phage T7 promoter as follows. An overnight culture of TN3685(pCM193) was diluted 1:50 into minimal glucose medium with leucine, tryptophan, and ampicillin, and incubated to an OD6. of 0.5. activity, pelleted, resuspended in 50 RI of SDS sample buffer, boiled for 3 min, and electrophoresed in 10% TrisTricine-polyacrylamide gels (34) . After being stained with Coomassie blue, the gels were dried, and radiolabelled proteins were detected by autoradiography.
DNA sequencing. All DNA sequencing was performed by using the dideoxynucleotide chain termination method (33) and Sequenase (United States Biochemical). Doublestranded plasmid templates were prepared as described by Chen and Seeburg (7). The sequence was obtained by using primers to the vector (New England Biolabs), primers to the ends of the TnlOOO insertions in pCM172 (25) , and other oligonucleotide primers synthesized specifically for this project. The sequence of gene 14 from mutant phage strains MS523 (14amH600) and MS679 (14amH611) was obtained by using a template amplified by the polymerase chain reaction as previously described (26) .
Nucleotide sequence accession number. The region of P22 sequenced, including genes 7 and 14, has been assigned GenBank accession number M93985. RESULTS opd4 mutations affect phage P22 development. During the characterization of S. typhimurium opdA4 mutations, it was noticed that bacteriophage P22 made pinpoint plaques on an opdA host. Two independent opdA4 mutations, opdAl and opdA42, had the same effect on P22 plaque size. Strains carrying opdA3, a mutation which leads to levels of peptidase activity intermediate between those of the wild type and opdAIl mutants (41) , yielded plaques which were intermediate in size between those on opdAl and opdA+ hosts. To determine whether the opdA small-plaque phenotype was specific for phage P22, phages P22, A3, L, KB1, 9NA, and ES18.hl were plated on lawns of opdAl (TN1293) and opdA+ (TN1292) strains. Only P22 and the closely related phages L and A3 made smaller plaques on an opdA host than on an opdA4+ host. Furthermore, the small plaques are not simply the result of slow growth by opdA strains; opdA4+ (TN1379) and opdA (TN3101) strains had the same generation times in LB medium (24 min at 37°C). Thus, the small P22 plaques are the result of a specific effect on the growth of P22 and closely related phages.
The tiny plaques seen on an opdA mutant lawn were not the result of a defect in the ability of opdA strains to be infected by phage P22. P22 c2H5 was able to infect an opdA host with the same efficiency as it did an opdA+ host, as determined by the number of CHCl3-sensitive infectious centers present after incubation of phage and host cells. Similarly, the number of transductants obtained by transducing an opdA strain with P22 HT12/4 intlO3 transducing lysates prepared on an opdA+ host was the same as that obtained by transducing an opdA4+ recipient.
The following results demonstrate that the yield of infectious particles from infection of an opdA4 host is less than that from an opdA + host. When opdA mutations were moved by P22 transduction, it was noticed that the titers of transducing lysates made on opdA strains were much lower than those typically obtained from a lysate made on an opdA4+ strain. This effect was quantitated by measuring the yield of infectious particles from single bursts of phage after infection by P22 c2H5 of the opdA host, TN3101, and the opdA4+ host, TN1379. Infection of TN3101 resulted in a burst of phage that was only 5 Isolation of opd4-independent mutants. To define the P22 function which requires opdA for full activity, phage mutations which led to larger plaques on an opdA host were sought. To enrich for such mutants, P22 c2H5 lysates were made on TN3101 containing plasmid pDH3. TN3101 contains a nonreverting opdAIO::MudJ insertion in opdA, and pDH3 contains the E. coli mutDS allele to enhance mutation frequency. Three independent phage mutants which made larger plaques on TN3101 than did P22 c2H5 were isolated. Because S. typhimurium LT2, from which the host strain was derived, has been shown to release several different kinds of phage following P22 infection (46), we confirmed that the opdA4-independent mutant phages were indeed P22.
First, the mutant phages made clear plaques, as did the parent phage, P22 c2H5. Second, the fragments generated when DNA from these phages was digested with three endonucleases, BamHI, EcoRI, and HindIII, were the same sizes as those from P22 c2H5 (data not shown). Thus, we were confident that these mutant phages were P22. Figure 1 coding for proteins present in the capsid (genes 8, 5, 4, 10, 26, 14, 7, 20, and 16) (5, 8), was cloned and found to contain the mutation. Progressively smaller fragments were screened until a 1-kb AvaI-BstEII fragment containing mutation 4a was identified (pCM150) (Fig. 2) . Mutations from mutants la and 3a were mapped somewhat less precisely to a slightly larger (1.5-kb) AvaI-EcoRV fragment which included the 1-kb AvaI-BstEII fragnent (pCM166 and pCM167, respectively). Both the AvaI-EcoRV fragment and the AvaI-BstEII fragment from P22 c2H5 were also cloned, resulting in plasmids pCM168 and pCM179, respectively. The published restriction maps of P22 (5, 8) suggested that the AvaI-BstEII fragment contained sequences from gene 14, 7, or 20 . To identify the genes present on this fragment, the ability of pCM179 to rescue P22 strains with amber mutations in genes 14, 7, and 20 was tested. Plasmid pCM179 was able to rescue gene 7amH1035 but not 20amH1030 or 14amH600. A 1.5-kb AvaI-EcoRV fragment in pCM168, which extended 500 bp 3' of the fragment in pCM179, was able to rescue 20amH1030. These results showed that the 1-kb AvaI-BstEII fragment in pCM179 contained the region of gene 7 which included the amber mutation H1035 but did not contain the regions of genes 14 and 20 represented by mutations H600 and H1030, respectively.
Sequence of P22 genes 7 and 14. The region of phage P22 containing the opd4-independent mutations had not previously been sequenced. In order to characterize these mutations further, we determined the nucleotide sequence of a 1.5-kb region including the 1-kb AvaI-BstEII fragment and an additional 566 bp 5' from the AvaI site. The nucleotide sequence and the translations of predicted open reading frames (ORFs) are shown in Fig. 3 (Fig. 4) . Mutants la and 4a were e carry two mutations which affected the gene 7 ( la carried C627A (Thr-6--+Lys) and A651G (C while mutant 4a carried G653A (Glu-15---Lys) and G668A (Glu-20--Lys). Mutant 3a was also a multisite mutation, carrying a 39-bp in-frame deletion (nucleotides 650 to 688) predicted to lead to deletion of 13 amino acids (Glu-14 to Gly-26). Mutant 3a also had a silent T-to-C transition at position 826. We conclude that mutations in gene 7 can overcome the requirement for the host gene oRV. The P22 The processing of the opdA-independent phage mutants en bars.
was studied in a similar way (Fig. 5) . None of the mutant proteins was cleaved in the opdA host. The gp7 protein from mutant la was processed in the infected opdA+ host, but gp7 from mutants 3a and 4a was not. Protein gp7 from mutant 3a ene 7 amber particles is smaller than the unprocessed wild-type gp7 and nced (Fig. 3) .
larger than the processed form, consistent with the nucleoitions (H1035 tide sequence, which predicts a protein 13 amino acids [ Fig. 3 the plasmid and the mutant allele is dominant to the wild-type cessed form is seen in the opdA + strain, suggesting that the allele. To further confirm that expression of the mutant gp7 initial processing is rapid (half-life, <5 min) and that it does was responsible for the opd4-independent phenotype, transnot require any other phage proteins. Only the unprocessed poson Tn1000 insertions in pCM172 were isolated. Five form is seen in the opdA host. The vector-only control insertions which eliminated the ability of the plasmid to confer expressed neither form (data not shown). The gp7 protein is the opd4-independent phenotype were isolated and localized rapidly degraded in both opdA and opdA+ cells. The halfby restriction mapping. One was in the vector, between the lives of mature gp7 in opdA+ and opdA cells were measured promoter and the insert. The other four were located within by quantitating the radioactivity in the gp7 band with a the AvaI-BstEII fragment which contains gene 7.
Molecular Dynamics PhosphorImager and normalizing it to Figure 6 shows the expression of wild-type gp7 from an unchanging band in each lane. The half-lives of gp7 in the plasmid pCM187 in opdA and opdA4' cells. Only the pro-opdA+ and opdA hosts were 2.5 and 3 min, respectively. To study the processing step directly, the wild-type gene 7 was cloned behind the phage T7 promoter (pCM193) and expressed in S. typhimurium TN3685. TN3685 contains the phage T7 RNA polymerase gene under inducible control in its chromosome. After the expression of the T7 polymerase was induced and the cells were treated with rifampin to inhibit the S. typhimurium RNA polymerase, gp7 was labelled with a 1-min pulse of 14C-amino acids and then chased with an excess of Casamino Acids. The autoradiogram in Fig. 7 shows that the processing is very rapid.
The proteolytic instability of gp7 was unexpected and intriguing. Preliminary studies of gp7 degradation were perwt la 3a 4a
OpdA polyacrylamide-Tris-tricine gels (34) and detected by autoradiography.
pCM187 was moved into TN2684 (S. typhimurium lon-101). Protein gp7 was pulse-labelled with 14C-amino acids and chased with Casamino Acids. Figure 8 shows that gp7 was rapidly degraded in the lon strain, demonstrating that gp7 degradation was not lon dependent. To study the effect of the gene 7 mutations in mutant 4a on the stability of gp7, the mutant 4a gp7 protein was expressed from the trc promoter in pCM185. Plasmid pCM185 contains a 1.5-kb fragment of mutant 4a DNA which encodes the 23,400-MW mutant gp7 and a 26,000-MW amino-terminal fragment of gp20. Although mutant 4a gp7 is not processed, it appeared to be degraded as rapidly as the processed wild-type gp7 in both opdA4 and opdA backgrounds (Fig. 9) . growth of phage P22 are those reported by Joshi et al. (23) . These mutations were selected as conferring thiolutin resistance. Strains carrying these mutations do not support the normal growth of P22 at an elevated temperature (40°C).
Although phages grown on one class of these mutants appeared morphologically normal by electron microscopy, they failed to inject their DNA into the host. We have not tested the thiolutin sensitivity of our opdA strains, and the thiolutin resistance mutations in S. typhimurium have not been mapped. Other thiolutin resistance mutations have been mapped to 11 and 85 map units in E. coli (36) . opdA maps at 76 map units on the S. typhimurium chromosome (9) , and priC, the E. coli homolog of opdA (10) , maps at 71 map units on the E. coli chromosome (39) . Although the relationship between the thiolutin resistance mutations and opd4 is unknown, the map positions of the E. coli mutations suggest that they affect different genes. Although proteolytic processing is a common aspect of phage development, previous studies have reported no proteolytic processing of P22 proteins during morphogenesis (2, 6) . Whereas some of the phage lambda minor coat protein, gpC, is cleaved and joined to the major coat protein gpE (17, 18) , the P22 major coat protein gp5 undergoes no proteolytic modifications (6) . Unlike the lambda scaffolding protein gpNu3, which is degraded (30) , the P22 scaffolding protein gp8 is not degraded but is recycled (6). Not only did earlier studies of proteolytic processing in P22 (2, 6) fail to detect processing of gp7, but because of its size and low abundance, they did not even detect mature gp7.
The proteolytic processing of gp7 is both independent of other phage proteins and dependent on the host protein OpdA. The simplest explanation for this is that the endopeptidase OpdA is directly responsible for the proteolytic pro- (predicted pl of 9.5) for this N-terminal peptide. When E. coli does not projected onto a helical wheel (35) , the basic residues it is attached to concentrate on the same face of the helix. The opdA4-at OpdA prefers independent mutations all make the unprocessed N terminus ld be unlikely to more basic than the wild-type unprocessed N terminus. The however, these N-terminal peptide (20 amino 
